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Abstract 
In the recent past, due to the excellent optical properties and synergistic effect, bismuth 
oxyhalides based composites have gained significant attention in the field of photocatalysis. 
Herein, we demonstrate a green Azadirachta indica (Neem) (A.I.) leaf extract assisted hydrolysis 
method for the synthesis of green G-BiOBrxI1-x photocatalysts. The phytochemicals rich contents 
of the leaf extract demonstrated natural stabilizing properties, which effectively controlled the 
size of the composites and ultimately enhanced the specific surface area and porosity of the 
samples. Meanwhile, the leaf extract also proved to be an excellent sensitizer for the composites 
that boosted the optical window of the G-BiOBrxI1-x photocatalysts for high level of solar energy 
harvesting. The as-prepared G-BiOBrxI1-x photocatalysts possessed three dimensional nanoplates 
like structure with successive modulation of the band gaps from 2.28 eV to 1.98 eV by varying 
the Br/I ratio. Furthermore, the photocatalytic activity of the as-prepared G-BiOBrxI1-x samples 
were measured and compared with C-BiOBr0.5I0.5 synthesized by hydrolysis route without the 
leaf extract. The G-BiOBrxI1-x photocatalysts exhibited much improved photocatalytic 
performance than C-BiOBr0.5I0.5 for methyl orange (MO) and amoxicillin (AMX) degradation 
under visible light irradiation. In particular G-BiOBr0.2I0.8 exhibited the highest photocatalytic 
activity, which was mainly attributed to the electron accepting π-conjugated system offered by 
the complex structural constituents of the leaf extract, thereby facilitating the charge transfer 
process and efficient separation of photogenerated electron-hole pairs. Furthermore, the high 
stability of BiOBr0.2I0.8 was demonstrated by the recyclability experiment, which offers 
promising opportunities for its practical application as a photocatalyst.  
Introduction 
Over the years, heterogeneous semiconductor photocatalysis has gained lot of popularity 
because of its promising applications in environmental remediation and energy generation.1 The 
photocatalytic performance depends on efficient separation of photogenerated electron-hole 
pairs, optimum absorption of light and an adequate reduction or oxidation potential.2,3 The 
bismuth oxyhalides (BiOX, X=Cl, Br and I), have shown promising photocatalytic activity under 
visible light irradiation due to their unique optical, electrical, and catalytic properties.4,5,6 In 
particular, the layered structure of BiOX comprises of [Bi2O2]
2+ slabs interleaved by double slabs 
of halogens atoms with induced dipoles, which promotes the separation of electron-hole pairs.7,8,9 
 Among BiOX photocatalysts, BiOBr and BiOI are visible light driven photocatalysts with 
band gaps of 2.8 eV and 1.7-1.9 eV, respectively. Cao et al.10 have reported the synthesis of 
irregular hemispherical BiOI/BiOBr via chemical etching route. It was found that 60 % 
BiOI/BiOBr showed the highest photocatalytic performance for the degradation of MO under 
visible light irradiation. In another study, Wang et al.11 synthesized BiOBrxI1-x photocatalysts 
through a soft chemical method. The results revealed that iodine modified BiOBr displayed 
higher photocatalytic activity for MO degradation under visible light irradiation. Li et al.12 
synthesized three dimensional BiOBr/BiOI hierarchical microsphere photocatalysts by a facile 
one-pot solvothermal method. The researchers found that 50 % BiOBr/BiOI composite displayed 
higher photocatalytic activity towards rhodamine B (RhB) and tetracycline compared to 10 % 
and 90 % BiOBr/BiOI composites under visible light irradiation. Xing et al.13 prepared a series 
of BiOBrxI1-x solid solutions by decreasing the ratio of Br/I with exposed (001) facets. Amongst 
the photocatalysts, BiOBr0.8I0.2 displayed the highest photocatalytic activity towards the 
degradation of RhB under visible light irradiation. However, most of the synthesis methods 
involve the use of toxic chemical solvents and stabilizers which are detrimental to environmental 
safety.  
In this regard, the green approach using plant leaf extracts offers toxic chemical free and 
ecofriendly route for the synthesis of nanostructures. Various methods have been reported which 
involves the usage of different plant extracts such as Ocimum tenuiflorum (black Tulsi)14, Ficus 
benghalensis (Banyan tree)15, Ocimum sanctum (Tulsi)16, Saraca indica (Ashoka)17 etc. for the 
synthesis of nanostructures. One of the most important and common plant in India i.e. A.I. 
possesses antioxidant or reducing properties that fosters the immediate reduction of metals ions 
into their corresponding nanostructures. Specifically, the phytochemicals present in A.I. (Fig.1) 
such as flavones, terpenoids, quercetin, aldehydes, ketones, amino acids etc. acts as bioreductants 
and are mainly responsible for the stabilization of metals ions.18,19,20 In certain cases, the leaf 
extracts and its constituents have also been utilized as potential sensitizers for solar cell 
applications.21-24 To the best of our knowledge, there isn’t any method reported on the synthesis 
of BiOBrxI1-x using A.I. leaf extract for photocatalytic applications, which has intrigued us to 
understand the mechanism of metal ions uptake by leaf extract and their stabilization to the 
nanostructures. Herein, we have investigated the morphological, optical and electrochemical 
characteristics after the addition of A.I. leaf extract in the BiOBrxI1-x matrix. Furthermore, the 
mechanism behind the enhanced photocatalytic activity of G-BiOBrxI1-x was elucidated. 
 
Fig. 1. Basic molecular structure for the constituents of the leaf extract   
2. Experimental section 
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All the chemicals and reagents such as bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), potassium 
bromide (KBr), potassium iodide (KI), amoxicillin trihydrate and methyl orange were of 
analytical grade and used without any further purification. 
2.2 Synthesis of G-BiOBrxI1-x and C-BiOBrxI1-x 
In a typical process, 0.05 M of Bi(NO3)3.5H2O was dissolved in 100 mL distilled water 
containing 10 mL acetic acid, and the resulting solution was added to 8 mL A.I. leaf extract 
(Supporting information, Section S1) under magnetic stirring. A total of 0.05 M KI and KBr 
with different molar ratios was dissolved into 100 mL of double distilled water. The solution was 
then added to the above prepared solution of Bi(NO3)3.5H2O and plant extract under violent 
stirring. The obtained solution was allowed to stirr for one hour and it was kept in an oven at 
60°C for one hour. The resulting product was separated by centrifugation and washed three times 
with ethanol and double distilled water to remove the impurities. Finally, the products were dried 
overnight in an oven at 60° C. For the synthesis of C-BiOBrx-I1-x the same procedure was 
followed; however, the usage of leaf extract was avoided. 
2.3 Characterization 
The X-ray diffraction patterns of the as-prepared samples were measured on a Bruker D2-Phaser 
Diffractometer with a Cu Kα radiation source (λ=1.5418 A˚). X-ray photoelectron spectroscopy 
(XPS) measurements were performed on a PHOIBOS 150 MCD device with monochromatized 
Al Kα radiation (1486.69 eV) at 14 kV and 20 mA, and the pressure lower than 10
-9 mbar. The 
morphologies of the samples were characterized by field emission electron miscroscope (Zeiss-
Sigma VP) equipped with an energy-dispersive X-ray spectroscope (EDS), Transmission 
electron microscope (TEM) observations were carried out on a FEI Technai G2 X-Twin (200 
kV). Surface area was estimated by BET method for which Nitrogen adsorption-desorption 
studies were carried out at 77 K using a Quanta Chrome NOVA 1000. The functional groups in 
the as-prepared samples were determined using Fourier transform infrared spectroscope (Agilent 
Cary 630). The optical properties were analysed by both UV-Vis diffuse reflectance spectra 
(Shimadzu UV-1800) and photoluminescence spectra (Shimadzu RF-5301). The cyclic 
voltammetry analysis of quercetin and leaf extract were examined in a 0.1 M LiClO4 solution in 
acetonitrile with a scan rate 100 mV/s by using traditional three electrode system. A glassy 
carbon electrode, platinum wire, and Ag/AgCl electrode were used as the working, counter and a 
reference electrode, respectively. The electrochemical studies were performed on a CHI 608E 
electrochemical system using a standard three electrode system with a working electrode, a 
saturated Hg/HgO electode, and a platinum wire as counter electode. The working electrode was 
prepared by drop casting method: briefly, 2 mg of the material was ultrasonically suspended in 
100 µL ethanol and 10 µL NAFION, of which 10 µL was then drop-casted on a piece of ITO 
slice with a fixed area of 1 cm2. Photoelectrochemical properties were measured with a 150 W 
Xe arc lamp and 0.1 M KOH (pH 12.8) was used as the electrolyte. The electrochemical 
impedance spectroscopy (EIS) was recorded at 0.0 V versus Hg/HgO from 1 MHz to 10 mHz, 
respectively. 
2.4 Photocatalytic activity evaluation  
The photocatalytic activity of the as-prepared G-BiOBrxI1-x and C-BiOBrxI1-x for the degradation 
was MO was evaluated using four compact fluorescent lamps of 28 W each (with a 420 nm 
cutoff filter) as the visible light source at ambient temperature. The same initial conditions were 
used for all the photocatalytic reactions: 100 mL aqueous solution of MO/AMX (20 mg L-1) was 
mixed with 100 mg of the photocatalyst under constant stirring. Before the light irradiation, the 
slurry was stirred in the dark for 60 min to attain adsorption-desorption equilibrium. At given 
time intervals, 3 mL of the suspension was withdrawn and the photocatalyst particles were 
separated through centrifugation at 10,000 rpm. The absorbance of the supernatant was measured 
by UV-vis spectrophotometer at 465 nm and 259 nm for MO and AMX. The reaction byproducts 
and intermediates in the photodisintegration of AMX were evaluated by HPLC (Shimadzu). 
Enable C18G (250 × 4.6 mm i.d., 5 µm) reversed phase column was used and a mixture of 
methanol and 1.25 % acetic acid (20:80 v/v) was used as a mobile phase with a flow rate of 1.0 
mL/min and injection volume of 20 µL. The byproducts were further evaluated by 6520 
Accurate-Mass Q-TOF LC-MS (Agilent Technologies). The scanned range was m/z 50-500, and 
positive ions were examined. To categorize the active species generated in the 
photodisintegration proces, the activity of the radicals (h+, .OH, and  .O2
-), trapping were 
performed by sodium oxalate, isopropanol and benzoquinone, respectively. 
3. Results and discussion 
 The X-ray diffraction (XRD) was used to examine the crystal phase of the as-synthesized 
samples. Fig. 2(a) displays the XRD patterns of the as-prepared C-BiOBr0.5I0.5 and G-BiOBrxI1-x 
with different x values (x= 0.2, 0.4, 0.5, 0.6 and 0.8), along with the standard diffraction patterns 
of BiOI (JCPDS Card No.73-2062) and BiOBr (JCPDS Card No.73-2061), respectively. Upon 
substitution of Br by certain amount of I, the diffraction peaks also shifted slightly toward the 
higher angles. No other characteristic peak of any impurity was observed in the green samples, 25 
Moreover, the green G-BiOBrxI1-x composites seemed to acquire a slightly wider FWHM, 
indicating a smaller size in comparison to C-BiOBr0.5I0.5, which can be attributed to the 
stabilizing properties of the leaf extract. The chemical composition and oxidation states of the G-
BiOBr0.2I0.8 were examined by XPS as shown in Fig. 2(b-g), respectively. The XPS survey 
spectrum in Fig. 2(b) shows Bi, O, Br, I and C peaks in the G-BiOBr0.2I0.8 sample, which is 
consistent with the chemical composition of the sample. Two major peaks with binding energies 
at 158.3 eV and 163.6 eV are attributed to Bi 4f7/2 and Bi 4f5/2, which are characteristics of Bi
3+, 
respectively. The high resolution O 1s XPS spectrum is displayed in Fig. 2(d), the peak at 529.1 
eV is ascribed to the lattice oxygen and the peak at 530.9 is attributed to the surface oxygen of 
the sample. The high resolution Br 3d XPS spectrum (Fig. 2e) displays two distinct peaks at 
binding energies of 67.4 eV and 68.3 eV, corresponding to the Br 3d3/2 and Br 3d1/2, respectively. 
The binding energies for I 3d3/2 and I 3d1/2 (Fig. 2f) peaks are 618.0 eV and 629.5 eV, 
respectively. Moreover, the peak at 284.5 eV (Fig. 2g) is due to the adventitious carbon on the 
surface of the sample. The results indicate that the G-BiOBr0.2I0.8 eV composite is composed of 
Bi, O, Br and I elements, which confirms the coexistence of BiOBr and BiOI in the composite. 
The EDS spectrum was further used to investigate the chemical composition of the as-
synthesized G-BiOBr0.2I0.8 sample as shown in Fig. 2(h), respectively. The corresponding peaks 
of Bi, Br, I and O elements were detected, which are consistent with the results of XRD and 
XPS.             
 Fig. 2. (a) XRD patterns of C-BiOBr0.5I0.5 and G-BiOBrxI1-x (x= 0.2, 0.4, 0.5, 0.6 and 0.8). XPS 
spectra of the as-prepared G-BiOBr0.2I0.8 composite, (b) Survey, (c) Bi 4f, (d) O 1s, (e) Br 3d, (f) 
I 3d, (g) C 1s, (h) EDS spectra of the G-BiOBr0.2I0.8 composite. 
 The morphology of the as-prepared samples was examined by field emission scanning 
electron microscope (FESEM) as shown in Fig. 3(a-f). The difference in the morphology and 
nanostructures can be seen, all the samples comprised of large numbers of interwoven 
nanoplates. Fig. 3(a) shows the morphology of the chemically synthesized C-BiOBr0.5I0.5 
composite and it comprised of large numbers of irregular nanoplates with large gaps between the 
neighboring nanoplates. It is interesting to note that the plant extract mediated composites 
appeared as 3-Dimensional hierarchical nanospheres with varying size of the nanoplates from 
50-400 nm. As shown in Fig. 3(b-f), with the increasing I content the morphology of the green 
composites G-BiOBrxI1-x (x= 0.2, 0.4, 0.5, 0.6 and 0.8) was directly affected, the surface of the 
nanostructures became more rough, porous and finally a web-like structure of the nanoplates can 
be observed in the G-BiOBr0.2I0.8 composite (Fig. 3f). The increasing rough surface of the green 
composites confers high specific surface area, surface to volume ratio and adequate transport 
paths for the organic pollutants, which are considered towards photocatalysis.26 Further 
investigation on the G-BiOBr0.2I0.8 composite was conducted by TEM. Fig. 3(g and h) further 
confirms the nanoplate like structure with two types of nanoplates (BiOBr and BiOI), which is 
corresponding to the SEM results. In addition, from the HRTEM image as shown in Fig. 3(i), 
two different lattice are observed with d-spaces of 0.228 nm for (004) plane for BiOI and 0.277 
nm for (110) plane for BiOBr, respectively.  
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Fig. 3. FESEM images of (a) C-BiOBr0.5I0.5, (b-f) G-BiOBrxI1-x composites (x= 0.2, 0.4, 0.5, 0.6 
and 0.8). (g, h) TEM images of G-BiOBr0.2I0.8, (i) HRTEM image of G-BiOBr0.2I0.8   
 The specific surface area (BET) and pore size of the representative C-BiOBr0.5I0.5 and G-
BiOBr0.5I0.5  samples were examined by nitrogen adsorption-desorption method as shown in Fig. 
4(a) and (b). It has been well established that the photocatalysts with large surface area and 
porosity tends to exhibit high photocatalytic activity, as they have the tendency to absorb large 
number of active species, which can facilitate the adequate contact between the pollutants and 
the photocatalyst surface, resulting in higher photocatalytic activity.27 The specific surface area 
of G-BiOBr0.5I0.5 was measured to be 11.8 m
2 g-1, which occurred to be 1.37 times greater than 
that of C-BiOBr0.5I0.5 (8.6 m
2 g-1). The results indicated that the green composite samples are 
more likely to possess more adsorption sites for oxygen (O2) molecules and the reactants, which 
could be a major factor in the enhancement of the photocatalytic activity under visible light 
irradiation.28-31 Furthermore, the average pore diameter (Fig. 4a & b) Barrett-Joyner-Halenda 
(BJH) of the representative C-BiOBr0.5I0.5 and G-BiOBr0.5I0.5 samples were calculated from the 
desorption section of the isotherms and they were found to be 1.8 nm, and 1.2 nm, respectively. 
The obvious decrease in the pore size indicates relatively higher adsorption capacity, which is 
consistent with the above investigations.32  
 Fig. 4. (a, b) N2 adsorption-desorption isotherms and pore size distributions of C-BiOBr0.5I0.5 and 
C-BiOBr0.2I0.8, (c, d) UV-Vis DRS and Plot of (αhυ)n v/s hυ of C-BiOBr0.5I0.5 and G-BiOBrxI1-x 
(x= 0.2, 0.4, 0.5, 0.6 and 0.8).  
The UV-DRS of the as-prepared composites are shown in Fig. 4(c), respectively. An 
obvious and continuous red shift of absorption edges of the samples can be observed with 
increasing I content in the G-BiOBrxI1-x composites. The maximum absorbance wavelengths of 
C-BiOBr0.5I0.5 and G-BiOBrxI1-x composites (x= 0.2, 0.4, 0.5, 0.6 and 0.8) were calculated to be 
544 nm, 561 nm, 582 nm, 596 nm, 610 nm and 626 nm, respectively. The corresponding band 
gaps of the composites were calculated from the intercept of the tangents to the plots of the 
(αhν)1/2 vs. photon energy. As shown in Fig. 4(d), the band gap values of the C-BiOBr0.5I0.5 and 
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(b) 
G-BiOBrxI1-x composites (x=0.2, 0.4, 0.5, 0.6 and 0.8) were estimated to be 2.28 eV, 2.21 eV, 
2.13 eV, 2.08 eV, 2.03 eV and 1.98 eV, respectively. The results indicate that the calculated band 
gap energy can be modulated and tuned from 2.28 eV to 1.98 eV with increasing I content in the 
BiOBr crystal. Meanwhile, a darker red color of G-BiOBr0.5I0.5 as compared to C-BiOBr0.5I0.5 
can be observed, which could be as a result of interaction between the biologically active 
compounds present in the A.I. leaf extract and BiOBr/I. Further studies were carried out to 
investigate the red shift transpired in the green samples, and the UV-visible absorption spectra of 
the raw A.I. leaf extract was evaluated in the wavelength range of 400-800 nm. As shown in 
Figure 5(a), the maximum absorbance of the leaf extract was observed in the range of 600-700 
nm, which indicated the presence of the complex organic molecules carrying different charge 
centers. 20, 30 The FTIR spectra of the representative C-BiOBr0.5I0.5, G-BiOBr0.5I0.5, and G-
BiOBr0.2I0.8 samples was recorded in the range of 400-4000 cm
-1 to analyze the functional groups 
responsible for widening the absorption spectra of the samples. In the spectrum of C-BiOBr0.5I0.5 
[Fig. 5(b)], a broad absorption in the range of 2900-3700 cm-1 with an intense band originating at 
3364 cm-1 can be assigned to the –OH stretching mode of water, while the peak at 498 cm-1 was 
attributed to the stretching vibrations of the Bi-O bond.33, 34 In the spectra of G-BiOBr0.5I0.5, and 
G-BiOBr0.2I0.8, many additional peaks were observed, the peaks appearing at 678 cm
-1, 774 cm-1, 
1061 cm-1,1266 cm-1, 1375 cm-1 and 1567 cm-1 can be ascribed to the stretching mode of the 
alkene group (C=C), asymmetric-CH deformation mode of alkyl group (-CH3), ester linkage, and 
phenolic stretching mode of the –OH group. Inevitably, the A.I. leaf extract mediated composites 
comprised of broad range of coloring groups (chromophores), which can act as a pigment for 
higher capturing of the incident light that can boost the optical window for the photogeneration 
of the electron-hole pairs.35-37 The well-known phytochemicals present in A.I. leaf extract i.e. 
gallic acid, anthocyanin, ellagic acid and quercetin etc. comprises of ketone and hydroxyl groups 
due to which they can undergo coordination bonding and chelating with the bismuth ions of the 
BiOBr/I entity to form complex structures i.e. I, II and III as illustrated in Fig. 5(c), resulting in 
increased absorption spectra for efficient solar energy harvesting.38-39  
 Fig. 5. (a) UV-visible absorption spectra of A.I. leaf extract, (b) FTIR spectra of C-BiOBr0.5I0.5, 
G-BiOBr0.5I0.5, and G-BiOBr0.2I0.8 samples, (c) complex formation between G-BiOBrxI1-x and 
phytochemicals present in leaf extract.    
Photocatalytic performance 
The triumph in tuning and modulating the band structures of BiOBrxI1-x composites was 
investigated by monitoring the degradation of MO and AMX (20 mg L-1) under visible light 
irradiation as shown in Fig. 6, respectively. For comparison and understanding of the role of A.I. 
in the photocatalytic activity of the green composites, the as-prepared C-BiOBr0.5I0.5 was used as 
a reference. Clearly, in the absence of the photocatalysts no photolysis of MO and AMX 
occurred after 80 min and 300 min of visible light irradiation (Fig. 6a & b), suggesting that both 
the pollutants are chemically stable under light irradiation. As the photocatalytic process is 
supposedly surface oriented, therefore the adsorption capacity has a key impact on the efficacy 
of the photodisintegration process. The adsorption of the MO and AMX on the composite 
samples was evaluated by the establishment of the adsorption-desorption equilibrium in the dark 
500 550 600 650 700 750 800
0.00
0.01
0.02
0.03
0.04
0.05
 
 
A
b
so
rb
a
n
ce
 (
a
.u
.)
Wavelength (nm)
Leaf extract 
HO
OH
OH
HO O
Bi
3+
Bi
3+ Bi
3+
O
OH
HO
OR
OH
O
Bi3+ HO
HO
O
OHO
OH
OH
Bi
3+
Bi
3+
(a) 
G-x= 0.8 G-x= 0.6 C-x= 0.5 G-x= 0.5 G-x= 0.4 G-x= 0.2 
500 1000 1500 2000 2500 3000 3500 4000
G-BiOBr0.2I0.8
G-BiOBr0.5I0.5
3364
774
498
678
1061
1266
 
 
%
 T
ra
n
sm
it
ta
n
ce
Wavenumber (cm-1)
15671375
C-BiOBr0.5I0.5
(b) 
(c) 
I II III 
for 60 min, and the results obtained are summarized in the Table 1 given below: Clearly, the 
green G-BiOBrxI1.x composites were endowed with high adsorption capacity owing to their large 
surface areas and the enriched porous structure in comparison to C-BiOBr0.5I0.5. The 
photocatalytic fate of MO and AMX in the presence of C-BiOBr0.5I0.5 and G-BiOBrxI1-x 
composites was evaluated and the results are summarized in the Table 1 given below:  Yet again 
the green G-BiOBrxI1-x composites displayed much higher degradation efficiency towards the 
degradation of both the pollutants than the C-BiOBr0.5I0.5 composite. Among Green composites, 
G-BiOBr0.2I0.8 composite exhibited the highest photocatalytic activity and the photocatalytic 
activity of G-BiOBr0.2I0.8 and G-BiOBr0.5I0.5 was observed to be approximately 1.22 and 1.14 
times higher than that of C-BiOBr0.5I0.5, the reason for high exhibition of photocatalytic activity 
can be understood with latter photoelectrochemical studies and photocatalytic mechanism. 
Moreover, the photodegradation process was fit with a pseudo first-order kinetics model (Fig. 6c 
& d), 
                                 -ln (Ct/C0) = kt                                                 (1) 
Where Ct is the MO/AMX concentration at time t, C0 is the initial concentration of the 
MO/AMX solution, and the slope K is the reaction rate constant. The estimated degradation rate 
constants for C-BiOBr0.5I0.5 and G-BiOBrxI1-x composites with x= 0.2, 0.4, 0.5, 0.6 and 0.8 are 
tabulated below: 
Table1: Showing the results of the % degradation and first-order kinetic relative coefficients for 
photocatalytic degradation of MO, and AMX over the samples. 
Samples % adsorbed in dark 
MO  AMX 
 
% deg. in visible light  
MO  AMX 
 
k (min-1)  
MO  AMX 
 
C-BiOBr0.5I0.5    9.4                    7.8   82.1                 76.1  0.021             0.0048 
G-BiOBr0.8I0.2   13.4                     -   86.6                    -  0.025                  - 
G-BiOBr0.6I0.4   13.9                     -   90.5                    -  0.029                  - 
G-BiOBr0.5I0.5   14.2                     -   93.2                    -  0.033                  - 
G-BiOBr0.4I0.6   14.9                     -   96.3                    -  0.041                  - 
G-BiOBr0.2I0.8   15.8                  14.3   100                  93.2  0.057            0.0089 
 
The trapping experiments were carried out with as-optimized G-BiOBr0.2I0.8 composite to 
inspect the active species accountable for the disintegration of MO and AMX. Sodium oxalate, 
Isopropanol and Benzoquinone were utilized as holes, hydroxyl radical and superoxide radical 
scavengers. As displayed in Fig. 6(e), a much discern subdue of the photocatalytic activity can be 
observed, and the disintegration efficacy of MO was markedly declined in all the cases. 
Meanwhile, the addition of both sodium oxalate and benzoquinone exhibited a significantly 
positive influence on the photocatalytic activity, which indicated the photogenerated holes and 
superoxide radicals were likely the main active species for the photodegradation of AMX (Fig. 
6(f)). 
 
Fig. 6. (a) Photodegradation of MO by C-BiOBr0.5I0.5 and G-BiOBrxI1-x (x= 0.2, 0.4, 0.5, 0.6 and 
0.8), (b) kinetic linear simulation curves of MO degradation over the samples, (c) pseudo first-
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order kinetic rate constant k for MO degradation, (d) Photodegradation of MO by G-BiOBr0.2I0.8 
in the presence of different scavengers, (g) HPLC spectra, and (h) Mass spectra of AMX 
degradation over G-BiOBr0.2I0.8.  
The byproducts and intermediates produced in the photodisintegration of AMX were 
identified using HPLC. Fig. 6(g), shows the disintegration process of AMX, where the prominent 
peak (after one hour of adsorption-desorption experiment at 0 min) occurring at 4.3 min, was 
accredited to AMX. After 300 min of visible light illumination, the intensity of the AMX peak 
diminished substantially and two new peaks originated at 4.8 min and 5.6 min, which were 
identified as one of the mineralized intermediates of AMX that were attributed to phenyl 
hydroxypyrazine and AMX-S-oxide. To attain the in depth information about the byproduct, the 
sample after 300 min was scrutinized with LC-MS/MS. As shown in Fig. 6(h), the results 
confirmed the existence of AMX phenyl hydroxypyrazine and AMX-S-oxide, which is in 
agreement with the literature 40-41.  
Photocatalytic mechanism 
Photocurrent measurements were carried out to investigate the photoelectric efficiency of 
the as-prepared samples. It has been widely established that stronger photocurrent intensity 
indicates an efficient separation of the photogenerated electron-hole pairs, and therefore higher 
photocatalytic activity. Fig. 7(a) shows the transient photocurrent response curves of the C-
BiOBr0.5I0.5, G-BiOBr0.5I0.5 and G-BiOBr0.2I0.8 composites. Compared with C-BiOBr0.5I0.5, the 
plant extract mediated G-BiOBr0.5I0.5 and G-BiOBr0.2I0.8 samples displayed an enhanced 
photocurrent response, indicating the higher separation of photogenerated electron-hole pairs. 
The charge transfer efficiency at the interface of semiconductor photoelectrodes can be examined 
by electrochemical impedance spectroscopy (EIS). The EIS Nyquist plots of the C-BiOBr0.5I0.5, 
G-BiOBr0.5I0.5 and G-BiOBr0.2I0.8 composites were investigated (Fig. 7(b)). The results showed 
that both the G-BiOBr0.5I0.5 and G-BiOBr0.2I0.8 composites had smaller diameter Nyquist circle 
than C-BiOBr0.5I0.5, indicating a much faster carrier transport from the material to the electrode, 
which was confirmed by the lower interfacial charge-transfer resistance. To further investigate 
the charge transfer, migration and recombination process in the as-prepared samples, 
photoluminescence spectra was carried out. As shown in Fig. 7(c), C-BiOBr0.5I0.5 exhibited a 
strong emission peak at around 543 nm, which indicated a fast recombination of the 
photogenerated electron-hole pairs. However, in the case of leaf extract incorporated samples i.e. 
G-BiOBr0.5I0.5 and G-BiOBr0.2I0.8, the intensity of the emission peak quenched significantly, 
indicating an effective inhibition of the electron-hole pair recombination. The results of PL study 
are consistent with the photocurrent response and EIS studies. Hence, certain conclusions can be 
drawn from the results: (a) higher I-content in the composite structure modulated the narrowing 
of the band gap, (b) the presence of A.I. leaf extract allowed higher absorption of incident light 
that boosted the photogeneration of charges, and (c) the interface formed between BiOBr and 
BiOI facilitated the charge transfer process; thereby, enhancing the photocatalytic activity of the 
green composites as compared to C-BiOBr0.5I0.5 sample. 
 
Fig. 7. (a) Transient photocurrent response, (b) EIS, (c) Photoluminescence spectra of C-
BiOBr0.5I0.5, G-BiOBr0.5I0.5 and G-BiOBr0.2I0.8 composites, (d) cyclic voltammograms of leaf 
extract. 
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Furthermore, the role of leaf extract as sensitizer for the green sample was investigated 
by identifying its redox behavior via CV technique in a potential range of 1.2 to -1.2 V at scan 
rates of 50 and 100 mV s-1. Figure 7(d) displays the voltammograms of the leaf extract sample, 
which revealed that the A.I. can undergo reduction at -0.56 ± 0.021 V vs. Ag/AgCl that 
demonstrate its electron accepting nature. The reductive redox potential gives the electron 
accepting energy level of the dye (E0D/D+) in the ground state. In our previous findings, we have 
reported the valence band (VB) maximum and conduction band (CB) maximum values for green 
BiOBr and BiOI, which were found to be 3.09 eV and 0.59 eV, and 2.39 eV and 0.26 eV, 
respectively.29-30 The redox potential of the A.I. leaf extract obtained from CV (E0D+/D = 0.513 
V), coupled with the excitation energy of the leaf extract (1.87 eV corresponding to λmax = 660 
nm), provided the electron donating energy level of the excited leaf extract molecules (D*) as 
E0D*/D+ = -1.36 V. The redox potential of I
-/I3
- was taken as 0.50 V.36  
Thus, based on the band structures of green BiOBr, BiOI and leaf extract, the charge 
transfer and regeneration process for the degradation of MO and AMX by G-BiOBr0.2I0.8 can be 
elucidated as shown in Fig. 8. Upon visible light illumination, BiOBr, BiOI and leaf extract gets 
excited, then the leaf extract as a potential sensitizer transfers accepted electrons to the 
conduction band of BiOI. Meanwhile, the photogenerated electrons residing in the C.B of BiOI 
tend to have more negative potential in comparison to that of BiOBr reduces adsorbed oxygen to 
yield superoxide radicals (.O2
-). At the same time, the photogenerated holes in the V.B of BiOBr 
tends to have a more positive potential, produces adequate active hydroxyl radicals (.OH), which 
are now available to degrade the reactant molecules.23-24, 42         
 Fig. 8. Photocatalytic degradation mechanism of MO and AMX by G-BiOBr0.2I0.8 composite. 
Conclusion 
In summary, a series of plant extract mediated BiOBrxI1-x composites with enhanced 
photocatalytic activity under visible light irradiation were successfully synthesized by simple 
modification of hydrolysis route. The leaf extract proved to be an excellent sensitizer and 
stabilizer for the G-BiOBrx-BiOI1-x composites, which provided some favorable features such as 
smaller size of the nanoplates, high porosity, narrower band gap, high specific surface area and 
effective separation of photogenerated electron-hole pairs, which inflicted a significant 
enhancement in the photocatalytic degradation of MO and AMX under visible light irradiation. 
Apart from the role of plant leaf extract, the modulation and tuning of the band structure of the 
BiOBrxI1-x composites also played a key role in identification of the best stoichiometric ratio of 
Br/I responsible for highest degradation of MO and AMX under visible light irradiation. Among 
the synthesized photocatalysts, G-BiOBr0.2I0.8 composite exhibited the highest photocatalytic 
performance, which had 1.22 times higher photocatalytic activity than the chemically 
synthesized C-BiOBr0.5I0.5 composite. It is inevitable that the use of A.I. leaf extract might also 
be applicable to design and develop highly efficient photocatalysts for environmental 
remediation.    
       
Acknowledgements 
This work is financially supported by DST, Government of India (INT/HUN/P-06/2016), 
NRDIO, Hungary (TÉT_15-IN-1-2016-0013). The authors acknowledge Mr. Vishvesh Chauhan, 
Delhi University for assistance in Electrochemical studies, Dr. Manisha Trivedi for assistance in 
LC-MS studies and Dr. Asit Patra, CSIR-National Physical Laboratory, New Delhi, India for the 
cyclic voltammetry studies. 
References 
1. Fujishima, A.; Honda, K., Electrochemical photolysis of water at a semiconductor 
electrode. Nature 1972, 238 (5358), 37-38. 
2. Ghosh, S.; Kouamé, N. A.; Ramos, L.; Remita, S.; Dazzi, A.; Deniset-Besseau, A.; 
Beaunier, P.; Goubard, F.; Aubert, P.-H.; Remita, H., Conducting polymer nanostructures for 
photocatalysis under visible light. Nature materials 2015, 14 (5), 505. 
3. Wang, H.; Zhang, L.; Chen, Z.; Hu, J.; Li, S.; Wang, Z.; Liu, J.; Wang, X., 
Semiconductor heterojunction photocatalysts: design, construction, and photocatalytic 
performances. Chem. Soc. Rev. 2014, 43 (15), 5234-5244. 
4. Lei, Y.; Wang, G.; Song, S.; Fan, W.; Zhang, H., Synthesis, characterization and 
assembly of BiOCl nanostructure and their photocatalytic properties. CrystEngComm 2009, 11 
(9), 1857-1862. 
5. Ye, L.; Zan, L.; Tian, L.; Peng, T.; Zhang, J., The {001} facets-dependent high 
photoactivity of BiOCl nanosheets. Chem. Commun. 2011, 47 (24), 6951-6953. 
6. Jiang, J.; Zhao, K.; Xiao, X.; Zhang, L., Synthesis and facet-dependent photoreactivity of 
BiOCl single-crystalline nanosheets. J. Am. Chem. Soc. 2012, 134 (10), 4473-4476. 
7. Ye, L.; Su, Y.; Jin, X.; Xie, H.; Zhang, C., Recent advances in BiOX (X= Cl, Br and I) 
photocatalysts: synthesis, modification, facet effects and mechanisms. Environmental Science: 
Nano 2014, 1 (2), 90-112. 
8. Cheng, H.; Huang, B.; Dai, Y., Engineering BiOX (X= Cl, Br, I) nanostructures for 
highly efficient photocatalytic applications. Nanoscale 2014, 6 (4), 2009-2026. 
9. Pan, M.; Zhang, H.; Gao, G.; Liu, L.; Chen, W., Facet-dependent catalytic activity of 
nanosheet-assembled bismuth oxyiodide microspheres in degradation of bisphenol A. 
Environmental science & technology 2015, 49 (10), 6240-6248. 
10. Cao, J.; Xu, B.; Lin, H.; Luo, B.; Chen, S., Chemical etching preparation of BiOI/BiOBr 
heterostructures with enhanced photocatalytic properties for organic dye removal. Chem. Eng. J. 
2012, 185, 91-99. 
11. Wang, W.; Huang, F.; Lin, X.; Yang, J., Visible-light-responsive photocatalysts xBiOBr–
(1− x) BiOI. Catal. Commun. 2008, 9 (1), 8-12. 
12. Lin, L.; Huang, M.; Long, L.; Sun, Z.; Zheng, W.; Chen, D., Fabrication of a three-
dimensional BiOBr/BiOI photocatalyst with enhanced visible light photocatalytic performance. 
Ceram. Int. 2014, 40 (8), 11493-11501. 
13. Zhang, X.; Wang, C.-Y.; Wang, L.-W.; Huang, G.-X.; Wang, W.-K.; Yu, H.-Q., 
Fabrication of BiOBrxI1− x photocatalysts with tunable visible light catalytic activity by 
modulating band structures. Scientific reports 2016, 6, 22800. 
14. Banerjee, P.; Satapathy, M.; Mukhopahayay, A.; Das, P., Leaf extract mediated green 
synthesis of silver nanoparticles from widely available Indian plants: synthesis, characterization, 
antimicrobial property and toxicity analysis. Bioresources and Bioprocessing 2014, 1 (1), 3. 
15. Saware, K.; Venkataraman, A., Biosynthesis and characterization of stable silver 
nanoparticles using Ficus religiosa leaf extract: a mechanism perspective. J. Cluster Sci. 2014, 
25 (4), 1157-1171. 
16. Jain, S.; Mehata, M. S., Medicinal plant leaf extract and pure flavonoid mediated green 
synthesis of silver nanoparticles and their enhanced antibacterial property. Scientific Reports 
2017, 7 (1), 15867. 
17. Prasad, K. S.; Patra, A.; Shruthi, G.; Chandan, S., Aqueous Extract of Saraca indica 
Leaves in the Synthesis of Copper Oxide Nanoparticles: Finding a Way towards Going Green. 
Journal of Nanotechnology 2017, 2017. 
18. Sangeetha, G.; Rajeshwari, S.; Venckatesh, R., Green synthesis of zinc oxide 
nanoparticles by aloe barbadensis miller leaf extract: Structure and optical properties. Mater. 
Res. Bull. 2011, 46 (12), 2560-2566. 
19. Prathna, T.; Mathew, L.; Chandrasekaran, N.; Raichur, A. M.; Mukherjee, A., 
Biomimetic synthesis of nanoparticles: science, technology & applicability. In Biomimetics 
learning from nature, InTech: 2010. 
20. Bhuyan, T.; Mishra, K.; Khanuja, M.; Prasad, R.; Varma, A., Biosynthesis of zinc oxide 
nanoparticles from A.I. for antibacterial and photocatalytic applications. Mater. Sci. Semicond. 
Process. 2015, 32, 55-61. 
21. Kushwaha, R.; Srivastava, P.; Bahadur, L., Natural pigments from plants used as 
sensitizers for TiO2 based dye-sensitized solar cells. Journal of Energy 2013, 2013. 
22. Maurya, I. C.; Gupta, A. K.; Srivastava, P.; Bahadur, L., Natural Dye Extracted From 
Saraca asoca Flowers as Sensitizer for TiO2-Based Dye-Sensitized Solar Cell. Journal of Solar 
Energy Engineering 2016, 138 (5), 051006. 
23. Çakar, S.; Özacar, M., The effect of iron complexes of quercetin on dye-sensitized solar 
cell efficiency. Journal of Photochemistry and Photobiology A: Chemistry 2017, 346, 512-522. 
24. Çakar, S.; Özacar, M., Fe-quercetin coupled different shaped ZnO rods based dye 
sensitized solar cell applications. Solar Energy 2017, 155, 233-245. 
25. Yang, C.; Li, F.; Zhang, M.; Li, T.; Cao, W., Preparation and first-principles study for 
electronic structures of BiOI/BiOCl composites with highly improved photocatalytic and 
adsorption performances. J. Mol. Catal. A: Chem. 2016, 423, 1-11. 
26. Li, J.; Lu, G.; Wang, Y.; Guo, Y.; Guo, Y., A high activity photocatalyst of hierarchical 
3D flowerlike ZnO microspheres: synthesis, characterization and catalytic activity. J. Colloid 
Interface Sci. 2012, 377 (1), 191-196. 
27. Di, J.; Xia, J.; Ge, Y.; Li, H.; Ji, H.; Xu, H.; Zhang, Q.; Li, H.; Li, M., Novel visible-
light-driven CQDs/Bi2WO6 hybrid materials with enhanced photocatalytic activity toward 
organic pollutants degradation and mechanism insight. Applied Catalysis B: Environmental 
2015, 168, 51-61. 
28. Yu, J.; Low, J.; Xiao, W.; Zhou, P.; Jaroniec, M., Enhanced photocatalytic CO2-
reduction activity of anatase TiO2 by coexposed {001} and {101} facets. J. Am. Chem. Soc. 
2014, 136 (25), 8839-8842. 
29. Garg, S.; Yadav, M.; Chandra, A.; Sapra, S.; Gahlawat, S.; Ingole, P. P.; Pap, Z.; 
Hernadi, K., Biofabricated BiOI with enhanced photocatalytic activity under visible light 
irradiation. RSC Advances 2018, 8 (51), 29022-29030. 
30. Garg, S.; Yadav, M.; Chandra, A.; Sapra, S.; Gahlawat, S.; Ingole, P.; Todea, M.; Bardos, 
E.; Pap, Z.; Hernadi, K., Facile Green Synthesis of BiOBr Nanostructures with Superior Visible-
Light-Driven Photocatalytic Activity. Materials 2018, 11 (8), 1273. 
31. Garg, S.; Yadav, M.; Chandra, A.; Gahlawat, S.; Ingole, P. P.; Pap, Z.; Hernadi, K., Plant 
leaf extracts as photocatalytic activity tailoring agents for BiOCl towards environmental 
remediation. Ecotoxicol. Environ. Saf. 2018, 165, 357-366. 
32. Di, J.; Xia, J.; Ge, Y.; Li, H.; Ji, H.; Xu, H.; Zhang, Q.; Li, H.; Li, M., Novel visible-
light-driven CQDs/Bi 2 WO 6 hybrid materials with enhanced photocatalytic activity toward 
organic pollutants degradation and mechanism insight. Applied Catalysis B: Environmental 
2015, 168, 51-61. 
33. Mozaffari, S. A.; Saeidi, M.; Rahmanian, R., Photoelectric characterization of fabricated 
dye-sensitized solar cell using dye extracted from red Siahkooti fruit as natural sensitizer. 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2015, 142, 226-231. 
34. Cheng, G.; Xiong, J.; Stadler, F. J., Facile template-free and fast refluxing synthesis of 
3D desertrose-like BiOCl nanoarchitectures with superior photocatalytic activity. New J. Chem. 
2013, 37 (10), 3207-3213. 
35. Luo, P.; Niu, H.; Zheng, G.; Bai, X.; Zhang, M.; Wang, W., From salmon pink to blue 
natural sensitizers for solar cells: Canna indica L., Salvia splendens, cowberry and Solanum 
nigrum L. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 2009, 74 (4), 
936-942. 
36. Li, C.; Yang, X.; Chen, R.; Pan, J.; Tian, H.; Zhu, H.; Wang, X.; Hagfeldt, A.; Sun, L., 
Anthraquinone dyes as photosensitizers for dye-sensitized solar cells. Sol. Energy Mater. Sol. 
Cells 2007, 91 (19), 1863-1871. 
37. Kyaw, A.; Sun, X.; Zhao, J.; Wang, J.; Zhao, D.; Wei, X.; Liu, X.; Demir, H.; Wu, T., 
Top-illuminated dye-sensitized solar cells with a room-temperature-processed ZnO photoanode 
on metal substrates and a Pt-coated Ga-doped ZnO counter electrode. J. Phys. D: Appl. Phys. 
2011, 44 (4), 045102. 
38. Kasprzak, M. M.; Erxleben, A.; Ochocki, J., Properties and applications of flavonoid 
metal complexes. RSC Advances 2015, 5 (57), 45853-45877. 
39. Balasundram, N.; Sundram, K.; Samman, S., Phenolic compounds in plants and agri-
industrial by-products: Antioxidant activity, occurrence, and potential uses. Food Chem. 2006, 
99 (1), 191-203. 
40. Gozlan, I.; Rotstein, A.; Avisar, D., Amoxicillin-degradation products formed under 
controlled environmental conditions: Identification and determination in the aquatic 
environment. Chemosphere 2013, 91 (7), 985-992. 
41. Gozlan, I.; Rotstein, A.; Avisar, D., Investigation of an amoxicillin oxidative degradation 
product formed under controlled environmental conditions. Environmental Chemistry 2010, 7 
(5), 435-442. 
42. Yuan, D.; Huang, L.; Li, Y.; Xu, Y.; Xu, H.; Huang, S.; Yan, J.; He, M.; Li, H., Synthesis 
and photocatalytic activity of gC 3 N 4/BiOI/BiOBr ternary composites. RSC Advances 2016, 6 
(47), 41204-41213. 
 
 
